BACKGROUND: Neuronal ceroid lipofuscinoses (NCLs) are a group of autosomal recessive neurodegenerative diseases characterized by lysosomal accumulation of autofluorescent material in neurons and other cell types. The infantile NCL (INCL) subtype is rare (1 in Ͼ100,000 births), the most devastating of childhood subtypes, and is caused by mutations in the gene CLN1, which encodes palmitoyl-protein thioesterase-1. METHODS: To investigate the incidence of hypothermia and bradycardia during general anesthesia in patients with INCL, we conducted a case-control study to examine the perianesthetic course of patients with INCL and of controls receiving anesthesia for diagnostic studies.
Neuronalceroi d lipofuscinoses (NCLs), collectively referred to as Batten disease, are a group of predominantly autosomal recessive neurodegenerative storage diseases characterized by lysosomal accumulation of autofluorescent material in neurons and other cell types. [1] [2] [3] There are four major subtypes of NCLs: infantile neuronal ceroid lipofuscinoses (INCL, also known as CLN 1 or Haltia-Santavuori disease), lateinfantile neuronal ceroid lipofuscinoses (LINCL, also known as CLN 2 or Jansky-Bielschowsky disease), juvenile neuronal ceroid lipofuscinoses (JNCL, also known as CLN 3 or Spielmeyer-Sjö gren disease), and adult neuronal ceroid lipofuscinoses (also known as CLN 4 or Kufs disease). [1] [2] [3] These NCL subtypes do differ on age of onset and composition of the storage material. The infantile subtype (INCL) is rare (1 in Ͼ100,000 births), 4 is the most devastating disease, and has the earliest age of onset. INCL is caused by mutations within the gene CLN1 on chromosome 1p32, which encodes palmitoyl-protein thioesterase-1 (PPT1). 5, 6 PPT1 cleaves thioester linkages in S-acylated (palmitoylated) proteins facilitating the degradation of fatty acylated proteins by lysosomal hydrolases. 5 Thus, deficiency of PPT1 leads to abnormal lysosomal accumulation of palmitoylated proteins, which, in turn, leads to INCL pathogenesis. 7 Children with INCL appear normal at birth and seem to acquire developmental skills until the age of 6 -11 mo. These children then begin to demonstrate hyperirritability, hypotonia, myoclonic jerks, and seizures. [1] [2] [3] By the age of 2 yr, severe visual deterioration and slow or absence of pupillary reaction are noted, by 3 yr significant loss of cortical function ensues, and by 4 yr, children with INCL usually manifest an isoelectric electroencephalogram attesting to lack of brain function. These children then live in a vegetative state until they are 8 -12 yr, at which time death occurs. 1,8 -10 INCL is uniformly fatal and, although many manifestations of the disease can be ameliorated with sedatives, centrally acting skeletal muscle relaxants (such as baclofen), and anticonvulsants, effective treatment is nonexistent.
Because of the profound neurologic abnormalities in children with INCL, the anesthetic management of these patients requires an understanding of the natural history of the disease. We report our experience with the anesthetic management of eight children with INCL and have found that hypothermia and bradycardia are frequent occurrences during anesthesia.
METHODS

Study Design and Patients
We conducted a case-control study of children with INCL and control children without the disease. Children in both case (INCL) and control groups were anesthetized for diagnostic procedures between 2001 and 2007 by the same anesthesiologists. Attempts were made to have controls comparable for age, duration of anesthetic, and types of procedures. Children in the INCL group were enrolled in an investigational therapeutic protocol approved by the IRB of the Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health since 2001. Children from the control group did not have INCL and were enrolled in unrelated investigational protocols approved by the IRBs of the National Institute of Child Health and Human Development and National Cancer Institute. Data analyzed included patient demographics, primary diagnoses, anesthetic technique, duration of anesthesia, and changes in temperature and heart rate. IRB review for this report was waived because it analyzed data previously collected for quality assurance, and data were devoid of identifiers. Table 1 outlines locations of procedures and transportation between locations during the anesthetics. All patients with INCL received general anesthesia for electroretinogram (ERG), brain magnetic resonance imaging (MRI), and spectroscopy. For the 2-h ERG, tropicamide 1% and phenylephrine 2.5% were applied to both eyes and a contact lens was placed on one eye as previously described. 11 Children in the control group received general anesthesia for MRI, spectroscopy, auditory brain response and/or lumbar punctures, and dental examinations. The ambient temperature in the operating rooms and radiology suite was maintained at 22°C.
Procedures
Anesthetics
Anesthetics were administered by staff anesthesiologists and routine monitoring devices (electrocardiogram, noninvasive arterial blood pressure, pulse oximetry, and capnography) were used during procedures and transportation. Temperature was measured with a tympanic thermometer when patients were in the preoperative holding area (baseline temperature) and postanesthesia care unit (PACU) and with an esophageal probe when patients were in the operating room. For all patients, full body air blankets (Bair Hugger, Arizant Healthcare, Eden Prairie, MN) set at high temperature were used during portions of anesthetics conducted in the operating room. Whereas in the MRI scanner, temperature was not monitored, and patients were fully covered with blankets.
For this study, hypothermia was arbitrarily defined as temperatures below 35.6°C and bradycardia as heart rate below the 5th percentile for age. Therefore, heart rates below 85 bpm for patients aged 13-36 mo, below 75 for 37-72 mo, and below 74 for 73-108 mo were considered bradycardia.
Statistical Methods
Analyses were done with Statistical Analysis System Version 9.1 software (SAS Institute, Cary, NC) and StatXact Version 6 software (Cytel Software Corporation, Cambridge, MA). Because the number of anesthetics per patient differed significantly between We then compared all anesthetics for each patient in INCL and control groups. For analyses comparing the two groups with repeating data from all anesthetics for each patient ( Table 2 , bottom section), we used specialized methods appropriate for the type of outcome (dichotomous or interval): exact tests (using StatXact) for binomial clustered data for dichotomous outcomes (e.g., occurrence/nonoccurrence of hypothermia or bradycardia) or SASs Proc Mixed (for mixed models) for interval data. These methods are necessary because, when patients have repeating outcomes (dependent variables) and associated predictor variables (e.g., comparison group, preprocedure temperature, duration of anesthesia, time to first occurrence of lowest temperature, time in PACU), the repeating outcomes for a given group are no longer statistically independent. In these data, there is only one repeating factor: the possibly multiple anesthesia events a patient had. For dichotomous outcomes, these repeats per patient constitute the cluster (StatXact). In specifying analyses using SASs Proc Mixed, the predictor variables of interest were modeled as fixed effects; patient was a random effect (i.e., a "random intercept" model). The error terms in the mixed effects model were assumed to all be statistically independent, which induced a compound symmetric covariance matrix for the repeating outcomes on a single patient. Because of small sample sizes, we used the Kenward and Roger method for computing the degrees of freedom for tests of fixed effects. Lastly, the variances of the random effects were assumed to be equal in the two comparison groups. The primary outcome of interest was the change in temperature from preprocedure to the lower of the two temperatures recorded for each perianesthetic period. All "time" variables (duration of anesthesia, time to first occurrence of lowest temperature, time in PACU) were not repeated within an anesthetic event but a single measure for each anesthetic event. Results from Proc Mixed repeated measures are presented as the value of the estimator ("least square means" in SAS terminology) Ϯ associated standard error of the estimator and P values. For all analyses, two-sided P Ͻ 0.05 was considered statistically significant. For two comparisons of data from all anesthetics, we did not use repeated measures or statistical comparisons. We determined the lowest temperature and slowest heart rate, for each patient from all anesthetic events, and then for each comparison group we obtained an arithmetic mean, standard deviation, and range of these lowest values. Because of the discrepancies between comparison groups in the number of anesthetics per patient, we simply report the descriptive statistics without an associated P value.
RESULTS
Patients
We identified eight children with INCL who cumulatively underwent 31 consecutive anesthetics between 2001 and 2007. Demographic data and clinical findings for INCL and control patients are listed in Tables 2 and 3 . All patients with INCL had confirmed lethal mutations of the PPT1 gene. In patients with INCL, the experimental protocol called for ERG and brain MRI at baseline and at approximately every 6 mo after enrollment. With exception of Patient 8, who was admitted at the age of 10 mo and had no overt neurologic deficit, all other patients with INCL showed typical developmental delay and neurologic findings at time of enrollment.
The control group comprised 25 children (11 boys and 14 girls) with primary diagnoses of Niemann-Pick disease (n ϭ 12), Smith-Lemli-Optiz syndrome (n ϭ 5), Gaucher disease (n ϭ 3), brain tumors (n ϭ 2), neurofibromatosis Type 1 (n ϭ 1), rheumatoid arthritis (n ϭ 1), and chronic granulomatous disease (n ϭ 1).
Anesthesia Management
Details of the 31 anesthetics for INCL and control groups are shown in Table 4 . During ERGs, to avoid interference in the response to optical stimulation, no volatile anesthetic was used and anesthesia was maintained with nitrous oxide and propofol. In addition, in patients with INCL, muscle relaxants were used to avoid eye movement during ERGs as necessary. During other diagnostic procedures, anesthesia was maintained with a volatile anesthetic or propofol at the discretion of anesthesiologists. Considering all procedures, the mean duration of anesthesia was longer in patients with INCL (280 Ϯ 10.3 min [mean Ϯ se]), compared with controls (231 Ϯ 8.2 min [mean Ϯ se]), P ϭ 0.002 ( Table 2) .
After all anesthetics, patients were routinely admitted to the PACU and subsequently transferred to patient care units, except for two patients with INCL who had hypothermia and after brief PACU stay (Patients 2 and 7) were transferred to the intensive care unit for overnight observation (see later).
Perianesthetic Events: Hypothermia and Bradycardia
To ensure valid comparisons between INCL and control groups, because some patients had repeated studies, we conducted two analyses: one comparing only the first anesthetic from each patient and another comparing all anesthetics for patients in the two groups ( Table 2) . Although patients with INCL were younger at the time of their first anesthetic ( Table 2 , P Ͻ 0.001), when all anesthetics were considered, there was no significant age difference comparing INCL versus controls ( Table 2 , P ϭ 0.34). With regard to hypothermia, patients with INCL had a significantly more frequent occurrence of hypothermia than did controls: 18 vs 0, respectively (P Ͻ 0.001). In patients with INCL, in these 18 anesthetics when hypothermia ensued (Table 5) , the baseline temperature was 36.3 Ϯ 0.1°C (mean Ϯ se), onset of hypothermia (temperature below 35.6°C) was observed relatively early in the course of anesthesia (by 59 Ϯ 12.3 min, mean Ϯ se), and the average temperature decrease was Ϫ1.6 Ϯ 0.2°C (mean Ϯ se). Furthermore, in these 18 anesthetics, hypothermia was observed during the first procedure, ERG in 12, and brain MRI in six patients. The presence of hypothermia was not associated with time spent in the PACU (P ϭ 0.98). Figure  1 shows the times during anesthetics when the lowest temperature was recorded in controls and patients with INCL. Patients with INCL had a significantly more frequent occurrence of sinus bradycardia than did controls, 10 vs 1, respectively ( Table 2 , P Ͻ 0.001). As shown in Table 5 , in the INCL group, five of eight patients (Patients 3, 4, 5, 6, and 7) displayed 10 episodes, whereas in the control group only 1 of 25 patients displayed 1 episode of sinus bradycardia. In the INCL group, in 8 of 10 episodes, bradycardia was associated with hypothermia, whereas in the remaining two episodes, bradycardia was observed in the absence of hypothermia. All episodes of sinus bradycardia were successfully treated with atropine or glycopyrrolate.
We evaluated possible associations of preanesthetic factors and duration of anesthesia with changes in temperature during anesthetics in INCL and control groups. Disease (INCL versus no INCL [controls]) was significantly associated with decreases in temperature (P Ͻ 0.001), whereas age (P ϭ 0.12), baseline temperature (P ϭ 0.09), duration of anesthesia (P ϭ 0.84), and transportation route (P ϭ 0.33) were not. When we evaluated factors associated with the lowest temperature during anesthetics, results were similar except that baseline temperature was significantly associated with lowest temperature observed during anesthetics (P ϭ 0.002). In addition, considering the INCL group alone, duration of anesthesia (P ϭ 0.30), age (P ϭ 0.35), sex (P ϭ 0.62), baseline temperature (P ϭ 0.09), and transportation route (P ϭ 0.33) were not associated with decreases in temperature during anesthesia.
Other Perianesthetic Occurrences
Other perianesthetic events included stridor in INCL Patient 2 who was intubated with an appropriate size endotracheal tube and yet had stridor after extubation with two different anesthetics. Over the 31 anesthetic events, there were no significant changes in arterial blood pressure (data not shown).
Patient 2, because of changes in brain MRI compared with that obtained 6 mo earlier, and Patient 7, because of episodes of transient apnea coupled with decreases in oxygen saturation, were admitted to the intensive care unit for overnight observation. In those two occasions, no deterioration of the baseline neurologic or respiratory examinations was noted and no interventions were necessary. Both patients were discharged without sequelae the following morning.
DISCUSSION
This case-control study showed that children with INCL have lower body temperature at baseline and that, during general anesthesia, they are at increased risk of hypothermia and bradycardia. These findings suggest that children with INCL might have impaired thermoregulation and abnormalities in the cardiac conduction system. Disturbances in temperature regulation are previously unreported phenotype of INCL and further illustrate the critical nature of this disease. Considering these potential thermoregulatory defects in patients with INCL and the known deleterious effects of anesthesia in thermoregulation, 12 to avoid the complications associated with profound hypothermia, careful planning for anesthesia in this patient population is imperative. Our data suggest that, in patients with INCL, hypothermia is a common occurrence during general anesthesia. In our series, seven of eight patients developed hypothermia (defined as temperature Ͻ35.6°C) despite the use of active rewarming techniques, careful measures to avoid heat loss, and in the absence of fluid shifts. We found four published reports describing the anesthetic courses of patients with NCLs. One report describes anesthesia for patients with LINCL, 13 a second for two patients with JNCL, 14 a third for an infant with NCL, 15 and a fourth for one patient with adult NCL. 16 To our knowledge, this is the first report to describe anesthetic considerations in infants and children with PPT1 mutation-confirmed INCL. Our findings are in concert with two other reports suggesting that mild hypothermia can occur in older patients with LINCL and JNCL. 13, 14 In our patients with INCL, we recorded temperatures lower than 34°C despite the use of active warming techniques during anesthesia. These episodes of hypothermia occurred in environments (operating rooms and MRI) with controlled ambient temperature (22°C). In some patients, hypothermia was associated with bradycardia and appeared to prolong patients' stay in the PACU. However, PACU time was not statistically different when patients with and without hypothermia were compared. It is important to note that two patients with INCL who had hypothermia were transferred to an intensive care unit after a short stay in the PACU. Nevertheless, our findings together with those of others strongly suggest that, when anesthetizing a child with INCL, careful attention to core body temperature, as well as cardiac monitoring, and active prevention of heat loss are warranted.
Although general anesthesia alters temperature thresholds for thermoregulation 12 and exposure to cold environments (such as MRI suites) can lead to decreases in body temperature, increases in core temperature and even hyperthermia have been reported in children undergoing MRIs. [17] [18] [19] Our findings of hypothermia in patients with INCL, which in some was observed during MRI, are in contrast to those reports. [17] [18] [19] Those studies showed that children (2-77 mo) sedated for MRI studies with various drugs had increases, rather than decreases, in core temperature. 17, 19 Furthermore, hyperthermia, rather than hypothermia, has been reported in children receiving volatile anesthetics during anesthesia for MRI. 18 One could postulate that our anesthetic technique or its length could have contributed to hypothermia in patients with INCL. However, we believe these possibilities to be less likely given lack of hypothermia in control patients receiving similar anesthetic techniques during the same time period. Therefore, our findings suggest that children with INCL have increased risk of hypothermia and measures to avoid heat loss are warranted during anesthetics in these patients.
Why might patients with INCL have lower baseline temperature and when subjected to general anesthesia be susceptible to frequent episodes of hypothermia? One possibility is that children with INCL might have impairment of thermoregulation. In support of this hypothesis are studies of circadian temperature recordings in patients with NCL showing significant disturbances in body temperature rhythms. Researchers showed that patients with INCL have maximal temperature in the morning, whereas controls had higher temperatures in the afternoon. 20 It is also noteworthy that the only patient with INCL in our series who did not develop hypothermia was the youngest patient (Patient 8), who had not yet developed neurologic deficits at the time of first anesthesia. This may suggest that impairment in thermoregulation follows the development of neurologic deficit in INCL. Although the mechanism for hypothermia is incompletely understood, our findings suggest that during anesthesia, patients with INCL are prone to develop significant hypothermia that can reach potentially harmful levels and warrant interventions. In addition, our findings of possible impairment of thermoregulation in patients with INCL, lend further support to a body of literature suggesting that some neurodegenerative diseases 21 may involve and result from abnormalities in metabolic processes associated with energy production and thermoregulation.
Another common occurrence during anesthesia in our patients with INCL was bradycardia. Some of these episodes of bradycardia were associated with hypothermia but others occurred in the absence of hypothermia. Importantly, no episode of bradycardia was coupled with overt hemodynamic compromise and all episodes were successfully treated with anticholinergics. Although we observed no arrhythmia other than sinus bradycardia during anesthesia, others have reported the occurrence of bradycardia, sinus arrest, and severe supraventricular tachycardia during anesthesia in patients with JNCL. 22 In that autopsy study, researchers showed that NCLs are associated with degeneration and infiltration of the cardiac conduction system with granular material, left ventricular hypertrophy, ventricular dilation, degenerative myocardial changes, interstitial fibrosis, and fatty replacement. 22 Therefore, during the anesthetic of children with NCL, sinus bradycardia can occur with or without hypothermia, and there is the possibility of other Vol. 109, No. 2, August 2009 arrhythmias given possible involvement of the cardiac conduction system known to occur in this group of neurodegenerative diseases. Therefore, consideration should be given to obtaining preoperative electrocardiograms in some patients with INCL to determine the presence of conduction abnormalities.
Although some may advocate avoiding the use of neuromuscular blocking drugs in patients with NCLs, 14 we chose to use a nondepolarizing muscle relaxant in some of our anesthetics and found that its use was not associated with prolonged recovery or prolonged muscle relaxation. With regard to volatile anesthetics, we chose to use sevoflurane for induction of anesthesia in our patients and did not observe worsening of myoclonic activity or episodes of seizures. Although there are theoretical concerns about the use of sevoflurane in young children because of its epileptogenic potential, 23, 24 we found little evidence to indicate that its use is unsafe in patients with INCL. 24 In summary, we examined temperature regulation in patients with INCL undergoing anesthesia and found that in these patients basal body temperature is lower than in controls, and hypothermia and sinus bradycardia are common occurrences during general anesthesia. Further, the degree of hypothermia can be significant and warrants the use of active warming techniques. In our institution, besides using warming techniques, we have taken measures to minimize anesthesia time (decreasing waiting time during anesthetics, rigorously coordinating the schedule of all operators involved in the multiple procedures) and measures to decrease heat loss by turning off air circulation in the bore of the magnet during MRIs.
Our findings suggest a previously unreported phenotype that include increased risk for hypothermia and bradycardia in INCL patients. Although the mechanisms of disturbances in temperature control are incompletely understood and were not explored in this study, this new phenotype has implications for future investigations of the pathophysiology and therapy of INCL.
